ABSTRACT: This study examined the structure and trends of climate parameters important to winegrape production from 1952 to 2006 in the Alt Penedès, Priorat, and Segrià regions of NE Spain. Average and extreme temperature and precipitation characteristics from 3 stations in the regions were organized into annual, growing season, and phenological growth stage periods and used to assess potential impacts on vineyard and wine quality, and changes in varietal suitability. Results show an overall growing season warming of 1.0 to 2.2°C, with significant increases in heat accumulation indices that are driven mostly by increases in maximum temperature (average Tmax, number of days with Tmax > 90th percentile, and number of days with Tmax > 30°C). Changes in many temperature parameters show moderate to strong relationships with vine and wine parameters in the 3 regions, including earlier phenological events concomitant with warmer growing seasons, higher wine quality with higher ripening diurnal temperature ranges, and reduced production in the warmest vintages. While trends in annual and growing season precipitation were not evident, precipitation during the bloom to véraison period declined significantly for all 3 sites, indicating potential soil moisture stress during this critical growth stage. Shorter-term analysis of crop evapotranspiration (ETc) reveals that the current impact per 1°C of growing season (Apr to Oct) warming is an increase in water demands in the region by 6 to 14%. These observations, combined with climate projections, indicate potential disruption of climate-variety balance, increasing water stress, and challenges in producing quality wines without the adoption of appropriate adaptive measures.
INTRODUCTION
Over the last few decades, many researchers have examined the nature and impacts of climate change in different regions of the world (Bonell & Sumner 1992 , Jones & Conway 1997 , Lee et al. 2000 , Osborn et al. 2000 , Kiktev et al. 2002 , Salinger 2005 , with particular focus on evaluating and predicting the impacts of climate change on different agricultural industries (e.g. Kenny et al. 1993 , Jones & Davis 2000 , Chloupek et al. 2004 , Rochette et al. 2004 , Maracchi et al. 2005 , Greene & Maxwell 2007 , Lobell 2007 , Todisco & Vergni 2008 . Depending on the sensitivity of the crop to climate, warming has the potential to bring about numerous risks and challenges that affect both the quality and quantity of production (Fischer et al. 2002) . The need to further understand climate impacts on agriculture is accentuated by the fact that 7 of the 8 warmest years in the instrumental record of global surface temperatures have occurred since 2001 (including 2007) and the 10 warmest years have all occurred since 1997. Overall, the global average surface temperature has risen by 0.6 to 0.7°C since the start of the 20th century; however, the rate of increase in the last 25 yr has been > 3 times the century-scale trend (IPCC 2007) .
While changes in average temperatures are evident and important, increasing attention is being paid to the analysis of extreme events, due to their potential impacts on human health (Díaz-Jiménez et al. 2005 , Ebi et al. 2006 ) and agriculture (Easterling et al. 2000b , Martínez-Casasnovas et al. 2002 , Michael et al. 2005 . Extreme events are part of the inherent decadal fluctuation in the climate system, but they may also indicate longer-term trends related to anthropogenic climate change (Adams et al. 2001) . On the other hand, changes in the frequency and distribution of precipitation are expected due to increased rates of the hydrological cycle, likely affecting water supplies for both urban and agricultural uses. In Europe, for example, Karl (1998) , Beniston & Tol (1998) , Sumner et al. (2001) , and Lana et al. (2003) showed decreasing rainfall trends or changes in seasonality of precipitation for much of the Mediterranean region. The interannual variability of the Mediterranean climate makes it difficult to assess tendencies in rainfall distribution patterns and potential impacts of climate change. Nevertheless, some recent studies point out significant changes in extreme events such as more frequent and extreme droughts, increases in cool-season precipitation, and warmseason drying (Easterling et al. 2000a ,b, Ramos 2001 , Sumner et al. 2001 , Brunetti et al. 2002 , Klein Tank & Können 2003 , Ramos & Martínez-Casasnovas 2006a .
Climate change impacts across the agriculture sector will vary, depending on the crop and region. In particular, many perennial crops require both adequately cold periods for hardening and fruitfulness, and sufficiently warm periods to ripen quality fruit at economically sustainable levels without being overly stressed. One such crop system, Vitis vinifera winegrapes, provides a model system in which to monitor climate change impacts because of its long history, the narrow climate zones that individual varieties are best suited to, and the fact that wines have been obsessively tasted and rated for quality (Jones et al. 2005a) .
Climate affects grapevine growth and fruit and wine production in many ways. During winter, grapewines need some dormant chilling to effectively set the latent buds for the coming vintage. During the growing season, grapevines need sustained average daily temperatures >10°C to initiate growth, followed by sufficient heat accumulation to ripen fruits. However, temperature extremes during growth of the berries induce stress, premature véraison, berry abscission, enzyme activation, and cause less flavor development (Coombe 1987 , Mullins et al. 1992 . Frost occurrence and timing are also significant for grapevines which are favored by low frost risk in spring and fall, and a long frost-free season of 160 to 200 d or more. In terms of moisture requirements, grapevines ideally should start off the growing season with adequate soil moisture for initial growth, then receive nominal amounts (either naturally or via irrigation) throughout the growing season. However, many of these climatic ideals have been or will be pushed to their limits in many regions by climate change. Additionally, projected scenarios of warming imply earlier occurrence of phenological events and a compression of the growth period, which affect both wine production and quality (Webb et al. 2007) .
Analyses of the impact of climate change on viticulture and wine production in Europe have suggested short-term benefits in terms of more consistent and higher quality production, with lower year-to-year variability (Kenny & Harrison 1992 , Jones et al. 2005a ). However, despite these short-term benefits for growers, winemakers, and connoisseurs, the rise in global temperatures projected for the next half century may ultimately bode problems for the wine industry. Small changes in growing season temperatures could induce shifts in varietal suitability in many regions (Jones et al. 2005a) or necessitate costly adaptation measures both in the vineyard and in the winery. Furthermore, in regions such as Europe, where vines are not irrigated, either due to legal constraints or supply issues, changes in total rainfall or in its distribution throughout the year may have significant effects on water availability for plants, particularly during the warmer periods of the year.
In 2005, Spain was globally ranked first in area planted to winegrapes, with nearly 1.2 million ha, and third in production at nearly 35 million hl (12.5% of world production), with the wine industry being one of the largest industries in the country (The Wine Institute; www.wineinstitute.org/resources/worldstatistics/ article126 and www.wineinstitute.org/resources/world statistics/article87. Spain has ~100 distinct wineproducing regions, with the majority being referred to as Denominaciones de Origen (DO) (similar to the French appellation controllée system) in which wine production is regulated for quality according to specific laws. Regions are classified as either Denominación de Origen Calificada (DOC; La Rioja and Priorat only), Denominación de Origen (DO; 67 regions), or Vinos de la Tierra (VdlT; numerous areas). Given the economic and cultural importance of the wine industry in Spain and the country's already warm to hot and dry climate for wine production, this research aims to examine the structure and trends in climate factors important to wine production in 3 significant wine production regions in Spain. The Catalonian region of NE Spain includes 11 DO wine production areas, with a vineyard area of about 115 000 ha representing 18.5% of the total area planted with vines in Spain (Fig. 1) . For this research, the areas studied include the most important producing areas of Alt Penedès (DO Alt Penedès and DO Cava), Priorat (DO Montsant and DOC Priorat), and Segrià (DO Costers del Segre). Vineyards represent ~80, 31 and 3% of the total cultivated area in Alt Penedès, Priorat, and Segrià, respectively, and together produce a total of 2.4 million hl of wine (6% of the total in Spain) (MAPA 2005) .
DATA AND METHODS

Study areas and climate data
This study was carried out using the longest available data series from 3 stations (Vilafranca del Penedès, Cabacès, and Lleida) in the Alt Penedès, Priorat, and Segrià, respectively (Fig. 1) . The Penedès region covers an area of ~1460 km 2 and is located ~30 km southwest of Barcelona, between the Sierra Prelitoral mountains and the Anoia and Llobregat rivers. The area is geologically part of the Penedès Tertiary Depression and winegrapes are typically grown over moderately sloping (average 10%) land. The Priorat region is in a depression formed in the split of the southern part of the Montsant mountain chain with steeper sloped winegrape cultivation areas (typically > 40%). Lleida is located in the Segrià region along the Segre River valley with more even terrain and where much of the wine production occurs on flat to gradual slopes. Daily rainfall and temperature (mean, maximum and minimum) recorded at Vilafranca del Penedès (1952 Penedès ( -2006 elevation 223 m), Cabacès (1967 elevation 223 m), Cabacès ( -2005 elevation 223 m), Cabacès ( for temperature and 1952 elevation 223 m), Cabacès ( -2005 for precipitation; elevation 345 m), and Lleida (1950-2006; elevation 199 m) were used in the analysis (Fig. 1) (Fig. 1) were examined and found to exhibit similar structure and trends for the last 10-12 yr to the longer series. This indicates that the 3 stations used in the analysis are representative of their respective regions (Ramos 2001 , Ramos et al. 2007 ).
Climate parameters important for winegrape production
Data from each station were organized into annual, growing season, or important grapevine growth periods and used to derive bioclimatic and extreme climate indices important for winegrape production (Table 1) . For temperature; the average, maximum, and minimum values from each station were summarized for the growing season for winegrapes (April to October) since simple growing season averages explain much of the phenological development of grapevines, wine production, and quality (Jones et al. 2005a) . In addition, temperature extremes were assessed as proposed by the Working Group on Climate Change Detection (Peterson et al. 2001) and include the annual number of days with minimum or maximum temperatures > 90th and <10th percentiles. Frost occurrence was assessed by examining the number of days with temperatures < 0°C and the length of the frost-free period. To assess temperature stress during the growth period, the number of days with temperatures > 25 and > 30°C were determined (Jones & Davis 2000) . While temper- atures ~25°C are considered optimum for grapevine photosynthesis and growth (Coombe 1987) , prolonged periods at temperatures > 30°C can induce heat stress, premature véraison, berry abscission, enzyme activation and cause less flavor development (Mullins et al. 1992 ). Other temperature-based variables derived for further analysis include:
(1) Winkler Index for April to October (Winkler et al. 1974 ) calculated by taking the mean monthly temperature and subtracting a base of 10°C (the minimum at which vine growth occurs) and multiplying by the number of days in the month: (1) where Tm is the average daily temperature.
(2) Huglin Index for April to September (Huglin 1978) gives more weight to maximum temperatures; calculated as (2) where Tm is the average daily temperature, Tmax is the maximum daily temperature and K, is the length of day coefficient, varying from 1.02 to 1.06 at 40 to 50°N. These 2 bioclimatic indices, which are based on variations in growing degreedays, are the most widely utilized measures of spatial suitability for viticulture and provide general guidelines on wine style or potential quality (Jones et al. 2005b , Blanco-Ward et al. 2007 ).
Finally, the diurnal temperature range (DTR) during the ripening months of August and September was calculated as DTR = Tmax -Tmin to examine trends that influence important quality factors such as composition, flavor, and aroma (Mullins et al. 1992) .
Given the low rainfall regimes in these regions, the precipitation parameters were averaged through different periods to assess the overall availability of water for grapevine growth. The station precipitation data were averaged by annual, growing season, and grapevine growth stages in the region as given by Hidalgo (2002) (Table 1) . Precipitation extremes were assessed as proposed by the Working Group on Climate Change Detection (Peterson et al. 2001) and include the maximum one-day precipitation total, the annual number of days with precipitation > 95th percentile (very wet days), the percentage of annual precipitation recorded on very wet days, and the maximum annual drought period length (maximum number of consecutive days without rainfall within a year).
The 25 variables were evaluated by basic descriptive statistics and, since some of the parameters examined were normally distributed while others deviated slightly from normality, a more stringent nonparametric Mann-Kendall trend test (MK-test) was applied to all series (Hirsch et al. 1991) . In addition, the time series were assessed for autocorrelation using the Durbin-Watson statistic. Since ca. one-half of the time series had autocorrelation, we applied a conditional Mann-Kendall trend test with a 95% significance level (Hirsch et al. 1991 , Libiseller & Grimvall 2002 , which provides a more conservative trend significance test in the presence of autocorrelation. We also confirmed the results of the present analysis by doing a prewhitening (lagged regression in the time domain) of the series to avoid power loss in the MK-test, as proposed by von Storch (1995), Douglas et al. (2000) and Zhang et al. (2001) and analysed by Bayazit & Önöz (2007) . An ARIMA model was used for prewhitening and the MKtest was applied to the series to assess the significance of the trends. Prewhitening effectively decreases the probability of rejecting the null hypothesis in the MKtest and all trends in this analysis were significant at 95%. In addition, the precipitation data were assessed using the Alexandersson test for time series homogeneity (Alexandersson 1986 ). Given the semi-arid climate of the region and low summer rainfall regimes, the research also examined evapotranspiration (ET) characteristics and trends. Hourly data with ET parameters were limited to 3 other climate stations in the region from the Agrometerological Network of Catalonia. These stations are very close to the other stations included in the longer series analysis (see above), and include Raimat (290 m, in the Segrià area), Margalef (405 m, in the Priorat), and La Granada (238 m, in the Penedès area). Data for each station were obtained for 1996-2007 and include hourly values of temperature, precipitation, humidity, wind speed and direction, pressure, solar radiation, and reference ET (ETo), calculated using the PenmanMonteith equation. The daily crop ET (ETc) was estimated using the Kc coefficients proposed by the Food and Agricultural Organization (Allen et al. 1998 ).
Grapevine, wine quality and production data
To examine relationships of climate trends with grapevine and wine parameters, data from the 3 regions were accessed from several sources. For the DO Penedès, phenology data were obtained for 1996-2007 from numerous growers, and include bud break, bloom, véraison, and harvest dates for some of the main varieties grown in the region (Macabeo, Xarello, Parellada, Chardonnay, and Pinot Noir). DO Penedès wine quality ranks given annually by the Consejo Regulador de la DO Penedès (regulatory council) for both white and red wines from the region were also obtained. The ranks are an overall assessment of the vintage from the region and are given 'poor' to 'excellent' ranks which were coded 1 to 5 for analysis. Production data (in hl) for 1994-2007 for the DO Penedès were also obtained from the regulatory council (www.dopenedes.es) as well as production data (kg ha -1 ) from 2 producers for Macabeo, Parellada, Chardonnay and Xarello.
The DOC Priorat grapevine phenology and production data were limited to only a few years and were not assessed. However, red wine quality rank data were obtained from the Consejo Regulador de la DOC Priorat for 1960-2006 (www.doqpriorat.org) . The quality ranks have the same nominal classes as described for the DO Penedès and were converted to the same numerical ranks for analysis. DOC Priorat production data were insufficient for this analysis.
For the DO Costers del Segre, harvest dates were obtained from a producer network for 16 varieties grown in the region; however, only 8 varieties had complete records over the 1997-2007 time period (Cabernet Sauvignon, Chardonnay, Macabeo, Merlot, Parellada, Pinot Noir, Tempranillo, and Xarello). The DO Costers del Segre quality and production data were limited to only a few years and were not assessed.
RESULTS
Regional climate structure
The general climate for the Alt Penedès is temperate to maritime Mediterranean with an annual average temperature of 15°C (9 to 25°C) and annual average rainfall of ~550 mm, mainly in spring and autumn. The climate in the Priorat region is classified as Mediterranean temperate with a trend to continental and is characterized by dry NE wind flow and an annual average temperature of 15°C (6 to 23°C). Average rainfall is ~500 mm, mainly in the spring and autumn. The Segrià region's climate is continental-subarid, characterized by high seasonal temperature variability, cold winters and hot summers (annual average temperaturẽ 15°C, range 0 to 23°C), and average annual rainfall of 350 mm, mainly in spring and autumn. For winegrape maturity potential, the locations are considered warm (18.8°C for Vilafranca del Penedès) to hot (19.4 and 19.6°C for Cabacès and Lleida) based on growing season average temperatures (GSTavg) ( Table 2) (Jones 2006) . While variability in GSTavg is similar across the 3 locations, GSTmax (growing season maximum temperature), GSTmin (growing season minimum temperature), and temperature extremes (10th and 90th percentiles) are more pronounced for the 2 more inland areas (Cabacès and Lleida) than for the coastal area of Vilafranca del Penedès (Fig. 1) (Table 3) . Precipitation variability over the time period indicates that each site experienced ~25 to 30% variation in most years. Growing season (Apr to Oct) precipitation shows similar average structure with Lleida (235 mm) being drier than Cabacès (328 mm) or Vilafranca del Penedès (331 mm), although annual variability was higher. During the growing season, precipitation extremes in terms of maximum 1 d precipitation events averaged 3 to 4 times higher at the more coastal location, Vilafranca (1952 ( ), Cabacès (1967 , and Lleida . Climate variables and their abbreviations are described in Table 1 .
Bold numbers indicate significant trends at ≥95% level del Penedès, compared to the other 2 sites (Table 3) . The 3 sites experienced on average 1-4 d of precipitation events in the 95th percentile, with Lleida experiencing ~35% of its annual rainfall in these events compared to only 27 and 12% for Vilafranca del Penedès and Cabacès, respectively. However, these events in the 95th percentile were usually of high intensity and short duration in Vilafranca and Cabacès, but were of higher duration and less intensity in Lleida. Even with some evidence of a coastal-inland location influence, the maximum annual drought period length (DPL) was similar across all 3 sites (41-43 d) due to a dry summer regime. Precipitation values during the phenological stages were highest during the dormant period (winter) for all locations and limited during the main growing stages (Table 3) . During Stage I (bud break to bloom), when grapevines need sufficient soil moisture for early season growth, rainfall in these regions was sparse ranging from 54.8 to 71.6 mm. From bloom to véraison (Stage II), Cabacès received slightly more precipitation than the other 2 locations, while Vilafranca del Penedès received the most during véraison to harvest (Stage III). Precipitation during the post-harvest period (Stage IV), when the vines are beginning to go into dormancy, picked up in both Vilafranca del Penedès and Cabacès, while remaining relatively low in inland Lleida (Table 3) . Precipitation variability was quite high (60 to 80% of the averages) across phenological stages.
Temperature parameter trends
Growing season average temperatures increased for the 3 stations, driven mainly by more significant changes in maximum temperatures (Table 2 , Fig. 2 ). Average temperature trends ranged from 0.02°C yr -1 in Lleida, 0.04°C yr -1 in Vilafranca del Penedès, to 0.05°C yr -1 in Cabacès. Rates of warming, average growing season maximum (GSTmax) and minimum (GSTmin) temperatures were significantly higher for both Vilafranca del Penedès and Cabacès, while Lleida exhibited significant changes only in GSTmax (Fig. 2) . Overall warming in growing season average temperatures ranged from 1.0 to 2.2°C for the 3 locations over their respective time periods. Similar results were also found in other European wine regions (Jones et al. 2005b ) with growing seasons warming by 1.7°C on average over the last 30-50 yr. For Spain, Jones et al. (2005b) reported an average growing season warming of 0.8-1.2°C for Galicia (Miño river valley) and Castilla y León (Valladolid).
Similar to average growing season temperatures, the number of days with temperatures > 90th percentile increased significantly for both maximum and minimum temperatures in Vilafranca del Penedès and Cabacès, the stations with more maritime influence, while significant increases were seen only for maximum temperatures in Lleida (more inland location). For the number of days with temperatures <10th per- , Cabacès (1952 Cabacès ( -2005 , and Lleida (1960 Lleida ( -2006 . Climate variables and their abbreviations are described in Table 1 . Bold numbers indicate significant trends at ≥95% level centile, significant decreasing trends were observed for maximum but not for minimum temperatures. Interestingly, while temperature increases were evident in the studied locations, the number of frost days showed a significant decreasing trend only in Vilafranca del Penedès, while changes in the frost-free period were not significant for any of the sites (Table 2) .
Growing season maximum temperature extremes (days with T > 25°C and T > 30°C) increased significantly in all 3 locations, with the average number of days with temperatures > 30°C being 18, 42, and 64 for Vilafranca del Penedès, Cabacès, and Lleida, respectively. Daytime maximum temperatures of 25-30°C are critical for optimum grapevine development. While a few days with temperatures > 30°C may be beneficial during the ripening period (Jones & Davis 2000 , White et al. 2006 , too many days with temperatures > 30°C can induce plant stress, premature véraison, and reduction in photosynthesis (Mullins et al. 1992) .
Often used to assess climate suitability for certain varieties and/or wine styles, the Winkler Index (WI) and Huglin Index (HI) are variations in degree-days, or heat accumulation formulas (Table 1) ]. These changes moves Vilafranca del Penedès from a high region II to a low region IV on the WI scale, Cabacès from a mid region III to a low region IV, and Lleida from the lower to higher range of region IV (Winkler et al. 1974 ).
Huglin Index (HI) trends were similar to the WI trends, although the changes were of greater relative magnitude since the HI gives more weight to maximum temperatures (Table 1) and GSTmax increased more significantly across sites ( ], respectively. Greater change was observed in Cabacès which had a higher increase in GSTmax. These HI increases move Vilafranca del Penedès from a temperate to a warm climate type for winegrape production, Cabacès from warm temperate to warm, and Lleida from warm to very warm indicating potential variety shifts (Huglin 1978) . Heat accumulation trends in other European wine regions have also increased, rising by 250-300 units over the last 30- , and (c) Lleida (1960 Lleida ( -2006 50 years (Jones et al. 2005b) . In other areas in Spain, Jones et al. (2005b) reported increased heat accumulation (WI and HI) inland but not in the more coastal region of Galicia. While growing season temperature changes were evident for the 3 locations studied, the diurnal temperature range during the ripening period (Aug to Sept) did not change significantly at 2 of the 3 stations (Table 2 ). This is due to differential changes in Tmax and Tmin during this period, which did not exhibit a coherent trend.
Precipitation parameter trends
The high interannual and intra-annual precipitation variability swamps any trend in majority of the precipitation parameters (Table 3) . Annual and growing season precipitation did not change significantly in any of the sites. Vilafranca del Penedès was the only site that showed significant trends in the number of days with precipitation > 95th percentile as well as in the percentage of the annual precipitation received during these days (Table 3) . This is a result of both high precipitation events and soil characteristics in the Penedès region (Ramos et al. 2000 , Ramos & Martínez-Casasnovas 2006b , where erosion events are frequently of high magnitude, and the increasing extremes will likely have additional negative impacts. Similar to this study, Jones et al. (2005b) found that precipitation frequency and amounts in other European wine regions have not changed significantly.
Given the critical nature of soil moisture for vine growth, a more detailed analysis of precipitation distri- , and (c) Lleida (1960 Lleida ( -2006 bution during the phenological stages of vine development was conducted (Table 1) . Results show that precipitation had opposite trends during the early stages of vine growth (Stages I & II). During the budbreak to bloom stage (Stage I: April 1 to May 10), both Cabacès and Lleida tended to have wetter periods (Table 3) . However, from bloom to véraison (Stage II: May 10 to June 30), each site experienced a significant decrease in precipitation, averaging -0.83 mm yr -1 (-18 to -68 mm over the studied time periods). Peacock (2005) pointed out that water management is critical during Stage II and moisture stress during this stage could disrupt rapid cell division and result in significant dehydration and sunburn, which in combination can reduce berry size and yields.
Taking into account grapevine water needs and evapotranspiration during each stage, shorter-term data from 1996-2007 showed that crop evapotranspiration (ETc) in the study areas accounted for 11-12% (Stage I), 28-29% (Stage II), 44-47% (Stage III), and 10-12% (Stage IV) of the annual ETc (Table 4) . Stage II precipitation amounts, on average, were below water requirements (ETc) and precipitation during this stage exhibited significant decreasing trends in all sites. Given that most temperature parameters increased significantly in all locations, particularly during the spring period (not shown), we estimate that the current ETc impact per 1°C of growing season (Apr to Oct) warming increases water demands by ~14% in Vilafranca and Cabacès, and ~6% in Lleida. Similar results for crop water availability were found by Wang et al. (2006) in northeast China and by Neilsen et al. (2006) in British Columbia.
Climate relationships with winegrape parameters
Relationships of temperature, precipitation, and ETc parameters with grapevine phenology, wine quality, and wine production were examined for the available data from the 3 regions. In all cases, single-variable linear relationships of temperature with grapevine and wine parameters were found. Precipitation variables were less important except when summarized as a component of ET variables.
Grapevine phenology in the DO Penedès showed moderate to strong relationships with climate. Bloom and véraison showed the strongest relationship with temperature revealing negative correlations across all varieties (Macabeo, Xarello, Chardonnay, Parellada, and Pinot Noir. For example, Parellada véraison dates for 1996-2006 occurred earliest during growing seasons with warmer minimum temperatures (R 2 = 0.55; -4.1 d per 1°C) (Fig. 5a ). While harvest dates in all regions showed less consistent relationships with lower significance, Chardonnay from 1997-2006 in the DO Costers del Segre revealed significantly earlier harvests during warmer growing seasons (R 2 = 0.49; -5.3 d per 1°C) (Fig. 5b) .
Vintage wine quality ranks for red wines from the DO Priorat for 1967-2005 showed the most significant relationship with ripening period (August and September) DTR (Fig. 5c) . A greater DTR during ripening resulted in generally higher quality red wine in the DO Priorat (+1°C DTR results in a 0.4 rating point increase on a 1-5 scale, R 2 = 0.22). Similar results were found for the DO Penedès, although white wine quality ranks showed less significant relationships with DTR than did red wine quality ranks (not shown). For the DO Costers del Segre, wine quality ranks were not significantly related to DTR due to the short period covered by available data. However, increases in ripening period DTR may not always be positively related to wine quality, as a threshold is likely in which increases in Tmax during ripening would increase vine stress and water demand, as well as lower quality.
Production data (hl) for the DO Penedès for the 1994-2006 period showed a moderately strong relationship with degree-days (WI) (Fig. 5d ) in which lower production was typically seen in the warmest years (-388, 600 hl per 100 WI units, R 2 = 0.49). The impact varied for the main white varieties cultivated in the area: reductions of 915, 1420, and 729 kg ha -1 per 100 WI units were observed for Macabeo (R 2 = 0.40), Parellada (R 2 = 0.50), and Xarello (R 2 = 0.36), respectively, while the relationship was not significant for Chardonnay (not shown). Similar production data was not available for the other 2 regions. 
DISCUSSION AND CONCLUSIONS
The climate structure in the NE Spanish regions of Alt Penedès, Priorat, and Segrià is strongly Mediterranean with hot, dry summers that place them in the upper warm to hot climate-maturity types for winegrape production (Jones 2006) . Trends in these regions indicate average growing season warming of 0.02, 0.04, and 0.05°C yr -1 in Lleida, Vilafranca del Penedès, and Cabacès, respectively. Over the time periods studied, this represents a change of 1.0°C in Lleida, 2.2°C in Vilafranca del Penedés and 2.0°C in Cabacès (Table 2 ). Similar trends have been seen in other areas of Spain (del Rio et al. 2007) , in other winegrowing regions in Europe (Jones et al. 2005b) , and across the majority of the world's best wine regions (Jones et al. 2005a ). The average growing season warming rates for the 3 analysed stations in NE Spain are driven more by changes in maximum temperatures, in which significant increases in the number of days with temperatures > 95th percentile have been observed. Del Rio et al. (2007) found similar results for NW Spain (Castilla y Leon) for 1961-1997 as did Brunet et al. (2007) , who examined a record from 1850-2005 for 22 stations in Spain. In each case, maximum temperatures increased at a higher rate than minimum temperatures, producing an increase in the annual diurnal temperature range. Brunet et al. (2007) also found declines in the number of moderately extreme cold days (Tmax < 10th percentile) and moderately extreme cold nights (Tmin < 10th percentile), and increases in moderately extreme warm days and nights (Tmax and Tmin > 90th percentile) of the same magnitude as found in this study. In contrast, minimum temperatures have shown more significant rates of warming in wine regions in the USA (Jones 2005) and Europe (Jones et al. 2005b) , which may be related to greater irrigation or higher ambient moisture (Christy et al. 2006) . (Table 2) suggests shifts in classification of regions from those suited to early and mid-season table wine varieties for high production, and good to standard quality wines, to those where table wine quality will be acceptable at best. Similarly, the HI increase from 287 to 464 units (Table 2) moves Vilafranca del Penedès from a temperate to a warm climate type for winegrape production, Cabacès from warm temperate to warm, and Lleida from warm to very warm, indicating varietal suitability shifts (Huglin 1978) . Heat accumulation trends in other European wine regions have also increased, rising by 250-300 units over the last 30-50 years (Jones et al. 2005b , Duchêne & Schneider 2005 .
For precipitation, high variability from year to year is evident in all 3 locations. Extreme precipitation events also exhibited high temporal variability, although Vilafranca del Penedès (the more maritime location) showed significant increases in the number of days with extreme precipitation and in the maximum precipitation recorded in 24 h (Table 3 ). The significant trends of decreasing precipitation during bloom to véraison at the 3 locations (Table 3) were similar to results reported by Sumner et al. (2001) for Spain in general and specifically for Catalonia in 1964-1993, when there were indications of a greater concentration of cool season precipitation, and some evidence of warm season drying. These declines are critical, since vines at this growth stage (bloom to véraison) should have adequate access to soil moisture and not be exposed to high water stress. During the last decade, high water deficits have been observed in the studied regions, with precipitation providing only ~25-30% of water needs during the bloom to véraison stage. In areas where irrigation water is not available, this will impose water restrictions on growth and impact the ability of the grapevines to undergo normal ripening.
Earlier phenological timing and shortening of the growing and ripening periods have been observed in many regions globally and are significantly related to temperature increases (Jones et al. 2005b ). Chuine et al. (2004) , examining a ~700 yr record of harvest dates for Burgundy, found that harvest is on average 10 d earlier per 1°C warming during the growing season, while Jones et al. (2005b) found that phenologytemperature relationships over the last 30-50 yr for numerous varieties and locations in Europe show a 3-6 d response per 1°C of warming (weaker response for early season events such as bud break). For the 3 studied regions in NE Spain, overall results were similar, with warmer growing seasons bringing earlier bloom, véraison, and harvest dates. For the Penedès region, limited data from 1996-2007 provided by 5 producers showed that véraison and harvest dates for 3 of the main varieties grown there -Macabeo, Parellada, and Xarello -advanced by 3-7 d per 1°C warming during the growing season. Similar results were found for the Lleida region, where harvest dates of 8 varieties show moderate to strong relationships with growing season temperatures (Fig. 5d) .
Wine production data, which was limited to the Alt Penedès for the 1994-2006 period, show generally lower production during warmer growing seasons with earlier phenological timing (Fig. 5a,d) , which is likely due to volume loss from a combination of heat and lack of water (Mullins et al. 1992) . Earlier harvests in these regions show a significant inverse relationship between precipitation and temperature during the Stage II growth period (bloom to véraison). Over the last decade, yield data provided by 2 large producers in Alt Penedès for Macabeo and Chardonnay varieties reveal an average reduction of 200-320 kg ha -1 following a precipitation decrease of 10 mm during Stage II (authors' unpubl. data). In Priorat, data from 2 producers reveal that Grenache yields declined by an average of 130 kg ha -1 with a decrease in precipitation of 10 mm during Stage II. In addition, sugar and alcohol concentration may be expected to increase due to berry volume reduction (Mullins et al. 1992 , Jones 2007 . Where water for irrigation is available, as in the Segre River valley (Lleida), loss of yield and unbalanced fruit composition may be partially controlled, but at a higher cost.
Warmer growing seasons, which result in earlier phenological events and lower production, also tend to result in higher quality. However, the results are not as strong for white wines, as they are for red wines, and not as evident in the Penedès, where Cava or sparkling wines are more prominent than in the Priorat, where red wines are more important. The most significant climate parameter for red wine quality in the Priorat is the diurnal temperature range during ripening (August and September) (Fig. 5c) , in which higher amplitudes result in more consistently higher rated vintages. However, the DTR for the studied locations during this period did not exhibit significant trends, indicating that year to year variations in ripening climates have pronounced effects on potential wine quality.
Although the results for grapevine phenology, production, and quality are limited to short time periods, we are confident that the analysis revealed underlying relationships that exist in the regions. Moreover, the similarity in the relationships of climate with grapevine phenology, wine production, and wine quality observed here and those in other studies in Spain and Europe (Jones & Davis 2000 , Jones et al. 2005b , Blanco-Ward et al. 2007 ) indicate the robustness of the results, which could be enhanced if longer time periods were analyzed. Longer time periods of wine-related parameters might help reveal the optimum climate structure for wine production and quality.
In terms of future climate, Jones et al. (2005a) projected that growing season temperatures in the majority of the world's best wine regions will continue to warm by an average of 2.0°C by 2050. Other regional work in Europe (Kenny & Harrison 1992 , Stock 2005 , Australia (McInnes et al. 2003 , Webb et al. 2005 , and South Africa (Carter 2006) examined climate change using different modeling approaches and gave similar results. Kenny & Harrison (1992) indicated potential shifts and/or expansions in the geography of viticulture regions with parts of southern Europe predicted to become too hot to produce high quality wines and northern regions becoming viable once again. Stock (2005) showed HI increases of 100-600 units that result in broad latitudinal shifts, making new areas on the northern fringes viable, changing varietal suitability in existing regions, and rendering southern regions too hot for overall suitability. Specifically in Spain, Moreno-Rodriguez (2005) examined different emission scenarios and found increases of 0.4-0.7°C per decade, with warming in summer being greater than in winter. Overall, the projected changes in Spain result in warming of 5-7°C inland and 3-5°C along the coast by 2100. Concomitant with these temperature projections, Moreno-Rodriguez (2005) also predicted much drier springs and summers and lower annual rainfall, which is less homogeneous than temperature across Spain. Furthermore, modeling of grapevine phenology for Syrah in France predicted earlier start of ripening by 3-5 wk with a 2-4°C warming (Lebon 2002) , and that Cabernet Sauvignon in Coonawarra, Australia would be harvested up to 45 d earlier by 2050 (Webb et al. 2007) . Additionally, these studies reported disruption in flavor and color development with significant warming during maturation and especially at night, ultimately upsetting wine typicity and quality.
For the Segrià, Alt Penedès, and Priorat regions of NE Spain, the historic climate structure has been well suited to quality wine production. The recent trends challenge this suitability. From rising average growing season temperatures, to increases in maximum temperature extremes, and declining precipitation during Stage II (bloom to véraison), the climates of these areas have significantly changed over the last 39-55 yr. Climate projections for Spain indicate that these trends are likely to continue (Moreno-Rodriguez 2005) , further exasperating growing conditions and water availability, and ultimately affecting wine production and quality potential. Further warming may result in varietally specific optimum climates being exceeded such that the ability to ripen balanced fruit from the existing varieties grown and the production of current wine styles will become more challenging. 
